The detritivorous fish, gizzard shad (Dorosoma cepedianum), provides nutrients to phytoplankton in reservoirs by ingesting organic detritus associated with sediments and excreting substantial quantities of nutrients such as N and P in soluble forms that are highly available to phytoplankton, We estimated nutrient excretion by gizzard shad in a eutrophic reservoir (Acton Lake, Ohio) during April-October 1994 by measuring N and P excretion of fieldcaught fish (n = 135). Excretion rates were then extrapolated to nutrient release by the gizzard shad population using quadrat rotenone biomass estimates, electrofishing surveys, and historic seasonal trends. N and P excretion were positively correlated with fish wet mass and temperature, but mass-specific excretion declined with increasing fish mass. Lakewidc gizzard shad biomass in July 1994 was 417 kg ha -I, Our estimates of nutrient excretion by the gizzard shad population ranged from 0.487 to 0.769 pmol NH,-N liter-' d-l and 0.022 to 0.057 pmol soluble reactive phosphorus liter -I d .I, with the highest excretion occurring during mid-summer through early fall. The low N : P ratio at which gizzard shad excrete [mean molar N : P = 16.75 (kO.89 SE)] may alter phytoplankton community composition, favoring cyanobacteria. Our results indicate that nutrient excretion by detritivorous fish can be an important source of nutrients to open waters, especially when other sources of nutrients are reduced.
Fish can alter both the internal cycling of nutrients and primary producer biomass in aquatic systems through a variety of mechanisms such as incorporating nutrients into body tissue (Kitchell et al. 1975; Andersson et al. 1988; Deegan 1993) , decomposition of fish tissues (Richey et al. 1975; Durbin et al. 1979; Threlkeld 1987; Parmenter and Lamarra 1991), or excretion (Lamar-r-a 1975; Shapiro and Carlson 1982; Brabrand et al. 1990 ). Excretion by fishes has been shown to affect phytoplankton biomass, productivity, and community structure (Reinertsen et al. 1986; Vanni and Findlay 1990; Schindler 1992; Vanni and Layne 1997) . Excretion by fishes can serve to recycle nutrients within the water column or transport nutrients from the benthos to epilimnetic phytoplankton (Lamarra 1975; Shapiro and Carlson 1982; Brabrand et al. 1990; Vanni 1996 ; Vanni and Layne transport nutrients up into the water column and (2) convert these nutrients into forms that can be utilized by phytoplankton. The magnitude of nutrient release by some detritivores and the phytoplankton response observed (Lamarra 2975; Drenner et al. 1986; Brabrand et al. 1990) indicate that this source of nutrients may be important to lake phytoplankton. However, few studies have quantified nutrient (N and P or the N : P ratio) fluxes attributable to fish at the lakewide scale despite their importance to lake productivity and phytoplankton community ,composition (Schindler 1977; Tilman 1982; Smith 1983; Sterner 1990 ). We quantified nutrient release by gizzard shad, a detritivorous fish that often dominates the fish communities in many midwestern and southern reservoirs (Miranda 1983; Stein et al. 1995) . Gizzard shad may be an important source of nutrients in reservoirs because at sizes >35 mm standard length (SL) they feed extensively on organic detritus associated with sediments (Pierce et al. 1981; Heinrichs 1982; Mundahl and Wissing 1987) and can achieve extremely high biomass (Miranda 1983; Hill 1983; Johnson et al. 1988; Stein et al. 1995) . As facultative detritivores, gizzard shad are also capable of consuming zooplankton and phytoplankton. However, in many systems they feed on organic detritus almost exclusively as adults (Pierce et al. 1981; Mundahl and Wissing 1987; Mundahl 1988; Buynak and Mitchell 1993; Yako et al. 1996) and thus may transport large quantities of nutrients from the sediments to the water column (Vanni 1996) . Consequently, if phytoplankton growth is nutrient limited, nutrients excreted by gizzard shad may potentially alter or regulate the abundance and community composition of phytoplankton (Schindler 1977; Tilman 1982; Smith 1983; Sterner 1990) . Excretion by gizzard shad may represent a steady, consistent supply of nutrients to phytoplankton (Kitchell et al. 1975; Vanni 1996) that may allow maintenance of high primary productivity even when external inputs of nutrients are greatly reduced (Caraco et al. 1992; Vanni 1996) . Although the importance of internal nutrient cycling to the maintenance of primary productivity is well recognized (Dugdale and Goering 1967; Pace et al. 1987; Hama et al. 1990; Caraco et al. 1992) , the contribution of fishes (especially detritivorous fishes) to this process is not well understood.
Previous studies of nutrient release by gizzard shad in this system (Acton Lake, Ohio) examined how nutrient release varies after feeding (Mather et al. 1995) and how modeled nutrient release rates and N: P ratios of individual gizzard shad vary with sediment nutrient content and fish body size (Vanni 1996) . We built on these previous studies to estimate nutrient release by the population on a lakewide scale. We hypothesized that gizzard shad release substantial quantities of nutrients on a lakewide scale, especially during mid-late summer, when temperatures and biomass are likely highest (and external nutrient inputs are expected to be lowest). We further hypothesized that (1) N and P excretion by gizzard shad scale to fish mass with a slope <1 (decreasing mass-specific excretion rates with increasing fish mass); (2) the N: P excretion ratio would scale positively with fish size; and (3) excretion rates would be highest from midday to late afternoon and lowest during late night and early morning hours. Hypothesis 2 was based on the observed decline in fish body N : P with increased fish mass (Davis and Boyd 1978; Schaus unpubl. data) , which suggests that larger fish should sequester more P and excrete at a higher N: P (Vanni 1996). Hypothesis 3 was based on observations that feeding activity of gizzard shad is highest during daylight hours (Pierce et al. 1981 ) and their excretion rates are highest immediately after feeding (Mather et al. 1995) . To examine all of these hypotheses, we quantified nutrient excretion by gizzard shad in a eutrophic reservoir and extrapolated these individual estimates to the entire gizzard shad population (Fig. 1 ).
Study site
This study was conducted in Acton Lake, a 253-ha reservoir located in Hueston Woods State Park (Butler and Preble Counties) in southwestern Ohio. The lake is a eutrophic reservoir as Fig. 1 . Schematic representation of the methods used to generatc excretion (N and P) and biomass estimates for the Acton Lake gizzard shad population, April-October, 1994.
described by Canfield et al. (1984) , Daniel (1972) , and Winner et al. (1962) . It is typical of many reservoirs in that it is relatively warm and shallow compared to natural temperate-zone lakes (Wetzel 1990) , has a gradient of physical and chemical parameters from the riverine end to the lacustrine end (Thornton 1990; Kimmel et al. 1990; Vanni et al. in prep.) , and has a relatively large watershed area-to-lake surface area ratio (Wetzel 1990 ). Due to the predominance of agricultural lands in the large watershed of the lake (Medley et al. 1995) , high sediment and nutrient loading occurs during irregular periods of high stream flow (Stein et al. 1995; Vanni et al. in prep.) , with greatly decreased nutrient inputs during periods of base flow (Vanni et al. in prep.) . Gizzard shad are abundant in this system (Pierce 1977; Mundahl and Wissing 1987) as they are in many other reservoirs (Miranda 1983; Car-line et al. 1984; Stein et al. 1995) . In Acton Lake, gizzard shad feed extensively on organic detritus associated with sediments (Pierce et al. 1981; Mundahl and Wissing 1987) , especially during daylight hours (Pierce et al. 1981) . Thus, this population served as an ideal model for examining the transformation of detrital nutrients into soluble forms through the feeding activity of detritivorous fish.
Methods
Measurement of excretion rates-We measured excretion of ammonia nitrogen (NH,-N) and soluble reactive phosphorus (SRP) by gizzard shad (n = 135 gizzard shad) collected from Acton Lake during a total of six experiments conducted from April to October 1994. In four of these, we quantified the relationship between gizzard shad size and N and P excretion rates (hereafter "size-range experiments"). In the other two, we quantified the extent to which excretion varied over a 24-h period (hereafter "diel-variation experiments"). Evaluation of variation in excretion over a daily cycle was necessary because feeding activity of gizzard shad has been shown to be highest during midday and afternoon hours (Pierce et al. 1981) , and excretion (especially SRP) by Acton Lake gizzard shad has been shown to be highest immediately after feeding (Mather et al. 1995) .
Gizzard shad were collected by electrofishing from the upstream end of the lake by using methods similar to the field experiments of Mather et al. (1995) and Brabrand et al. (1990) . Fish were immediately transferred to clean containers [small (<3-liter) containers were acid-washed and large (>3-liter) containers were lined with a new polyethylene liner before each use] holding prefiltered (0.7~km pore size glass-fiber filter) lake water kept at epilimnetic temperatures. We used one fish per container and containers were kept on board a pontoon boat. Immediately after the addition of a gizzard shad, a 135-ml initial water sample was collected from that container, bringing the initial volume to 1.25-16 liters (volume dependent on fish size). After 1 h, a sample of water was collected from each container for determination of final nutrient concentrations. Samples were also collected in a similar manner from control containers to which no fish had been added to ensure that sample containers did not influence our measurements. All water samples were filtered within l-2 h through a Gelman A/E glass-fiber filter (l.Okm pore size) to remove particulate matter, stored at 4"C, and analyzed for NH,-N using the phenol-hypochlorite technique (Solorzano 1969) and SRP using the molybdenum blue technique (Stainton et al. 1977) . Most chemical analyses were completed within 24 h and all were completed within 48 h. Excretion rates were determined as the difference between initial and final nutrient concentrations, correcting for the volume of water in the container. Gizzard shad (n = 18-20 fish per experiment) ranged from 2.32 to 210.9 g wet mass (median 24.6 g, mean 46.2 g). This is representative of the gizzard shad population, as <l% of the gizzard shad collected during monthly sampling (see below) fell outside this size range. Collections were made between 1120 and 1535 h, after the gizzard shad had presumably been feeding for at least 5 h (Pierce et al. 1981) and when excretion rates were expected to be highest. Excretion rates were expressed as pmol (NH,-N or SRP) fish-l h-j rather than on a mass-specific basis to avoid autocorrelation in regressions between mass-specific excretion and fish wet mass. Statistical comparisons were performed on log-transformed excretion rates using multiple regression (cx required for entry into the model set at P = 0.05) with temperature and log fish wet mass as independent variables.
Only one size-class of gizzard shad was used in each of the two diel variation experiments to eliminate the potentially confounding influence of size. Fish were collected at various times of the day to quantify how excretion varied over a daily cycle. Excretion measurements were conducted on 27-28 April 1994 (age 1; n = 29; mean wet mass 4.76 + 0.16 g SE) and 30 June-l July 1994 (age 2; n = 30; mean wet mass 22.71 ts 0.57 g SE). Smaller gizzard shad (age 1) used during the 27-28 April diel-variation experiment were placed into Nalgene containers; larger gizzard shad (age 2) used during the 30 June-l July diel-variation experiment were placed in coolers. After the initial water sample (135 ml) was taken, the containers and coolers held 2 and 4 liters of prefiltered (0.7~Frn pore size glass-fiber filter) lake water, respectively. Excretion rates of six gizzard shad were measured during each of five periods in each experiment (except for one period with n = 5). Excretion rates were expressed as +mol (NH,-N or SRP) (g wet mass)-' h-l to standardize excretion with respect to size. Statistical comparisons of periods within an experiment were performed using ANOVA (ol = 0.05) and Tukey's test for multiple comparisons on log-transformed variables.
Population biomass and age structure determinationThe nearshore biomass of gizzard shad was estimated by a quadrat rotenone technique similar to that used by Johnson et al. (1988) . During 7-28 July 1994, we sampled eight quadrats (25 X 35-40 m) that were separated from the rest of the lake by a barrier constructed of reinforced polyethylene with lead-core rope along the bottom portion and foam pipe insulation along the top (Johnson et al. 1988 ). Quadrats were set in areas that had a maximum depth of < 1.5 m because much of Acton Lake is shallow and because this allowed quick and effective positioning of the barriers. Quadrat sites represented as much of the upstream area as possible while maintaining depths conducive to this technique. The barrier was placed so that the quadrat was bordered by the partition on three sides, with the shoreline serving as the fourth side. Barrier bottoms were checked by a diver using scuba to eliminate gaps. Four weighted bottom nets (1 X 25 m) were positioned within the quadrat before rotenone application to subsample sinking fish. Because Johnson et al. (1988) found a greater catch in downwind bottom nets, care was taken to position one net upwind and one net downwind (both about 2-3 m from the edge of the quadrat), with the other two nets evenly spaced in mid-quadrat.
Liquid rotenone (5% solution), a fish toxicant, was applied at a concentraton of 3 ppm by spraying it throughout the quadrat. Within 2 h after rotenone addition, all floating fish were collected and all bottom nets were retrieved to subsample sinking fish. Rotenone was then detoxified with an equivalent concentration of potassium permanganate dispersed throughout the quadrat. The purple color of the potassium permanganate was visibly retained within all quadrats, indicating that the barriers effectively contained both rotenone and fish. All sinking fish sampled on bottom nets were measured to the nearest 1.0 mm SL, and a representative sample of at least one-third of the floating fish from each quadrat was measured. The wet mass of each fish was calculated with a SL/wet mass regression that we established for Acton Lake gizzard shad [wet mass (g) = (1.623 X 10ms) SL (mm)2~""3? r* = 0.994; n = 3661.
By combining our experimental results on gizzard shad excretion rates with our field estimates of gizzard shad biomass and size structure, we could generate a lakewide estimate of gizzard shad excretion. However, because quadrat rotenone sampling can only be conducted in relatively shallow areas, we were not able to conduct this sampling along steep shorelines or in offshore areas. If the size structure or abundance of gi:czard shad varied across areas, then our lakewide excretion estimates, based solely on quadrat rotenone data, could be inaccurate. Therefore, we generated three estimates of lakewide gizzard shad excretion rates. Two estimates for July were based solely on quadrat rotenone estimates, using the mean and median biomass applied lakewide. The third estimate incorporated variability (both among areas of the reservoir and through time) in gizzard shad biomass and size structure by including data from spa-tial and seasonal electrofishing conducted throughout the resber) corresponded to the times when we directly measured ervoir and from historical seasonal trends.
biomass. To incorporate lakewide variability in biomass and size structure, we divided the reservoir into upstream and downstream ends based on bathymetric profiles from Canfield et al. (1984) (upstream areas characteristically remained relatively shallow offshore; downstream areas rapidly dropped off to deeper waters). Each of these sections was further divided into nearshore (cl00 m from shore) and offshore (> 100 m from shore) areas. Upstream, the near-shore and offshore areas each accounted for -20% of the lake surface area. Downstream, the nearshore and offshore areas accounted for -22% and 37% of lake surface area, respectively. Electrofishing transects (5 min, n = 25) were conducted at various sites throughout the four areas of the lake on two dates during rotenone sampling. Because all rotenone quadrats were located in the nearshore upstream area, data from the upstream nearshore electrofishing transects allowed us to calibrate electrofishing catch per unit effort (CPUE) to quadrat rotenone biomass estimates. Data from electrofishing transects in the four lake areas allowed us to extrapolate the biomass and size structure of gizzard shad in the quadrats to the entire lake, while taking into account variability in gizzard shad abundance and size structure across lake areas.
The seasonal extrapolations of gizzard shad abundance provided estimates of total biomass rather than biomass of each age-group of gizzard shad. To determine the proportion of biomass within each age-group seasonally, we conducted monthly electrofishing surveys at 15 sites throughout the lake. All gizzard shad (n = 102-367 per sampling date) collected on each date were measured (nearest 1.0 mm SL), and a subset (n > 25) was retained for age determination. Rather than directly assign an age distribution equal to that obtained by electrofishing, we first quantified the size selectivity of our electrofishing gear. To do so, we grouped gizzard shad into 25-mm size-classes and generated correction factors (CF) by dividing the mean percentage of total biomass for each size-class from the rotenone quadrats by the mean percentage of total biomass in the June, July, and August electrofishing surveys. We regressed these CFs against mean length of fish within each 25-mm size-class using an exponential fit to characterize the size selectivity of the electrofishing gear across all size-classes.
To calibrate the upstream, nearshore electrofishing data to the quadrat rotenone biomass estimates, we grouped fish into age-groups, using standard scale annuli age determinations (DeVries and Frie 1996) . Average CPUE for each age-group from all upstream nearshore electrofishing transects was set equal to the mean biomass of that age-group in the rotenone quadrats. To extrapolate rotenone data to the other lake areas, CPUE for each age-group from each of the three other areas of the lake (upstream offshore, downstream nearshore, and downstream offshore) was divided by the CPUE for each age-group from the upstream nearshore sites. The resulting proportion was then multiplied by the mean biomass in the quadrats to estimate the biomass of each age-group within each of the four areas of the lake. Total lakewide biomass for each age-group during July 1994 was determined by multiplying the proportion of the lake surface area in each of the four areas by the biomass estimates for each age-group in each area. Finally, estimates of total lake biomass of each age-group for July were summed to generate an extrapolated estimate of July lakewide gizzard shad biomass.
To generate monthly estimates of total population biomass during April-October 1994, we multiplied the extrapolated July biomass estimate (as previously described) by a curve fit to the proportional seasonal changes in gizzard shad population biomass in Acton Lake reported by Mundahl (199 1) . We used these historical data on seasonal change in biomass because it was not feasible to conduct quadrat rotenone surveys seasonally. With a second-order polynomial fit to Mundahl's (I 991) data, the range of seasonal change in biomass obtained was <19% of the mean biomass across months. In addition, periods of highest biomass (July-September) were roughly equivalent and included the month of our rotenone biomass determinations (July). Therefore, using these historical seasonal data on population biomass likely represents a conservative extrapolation of the rotenone biomass determination, because peak biomass in summer (July-SeptemFor each month, we determined the size ranges of each age-group using scale annuli (DeVries and Frie 1996) and the mean wet mass of all individuals collected within each age-group. To determine the proportion of total biomass for each age-group, we multiplied the estimated wet mass of each fish (obtained from the SL/wet mass relationship described previously) by the appropriate CE We then summed all corrected biomasses within each age-group and divided the corrected biomass of each age-group by the sum of the corrected biomasses of all age-groups. Estimates of the proportion of biomass in each age-group were averaged both before and after recruitment of age 0 fish into the detritivorous stage (>35 mm SL), which occurred in late Juneearly July. This allowed the determination of an average proportion of biomass (detritivorous portion of the population only) while taking into account the seasonality of the contribution of age 0 fish to the population biomass. The number of gizzard shad in each age-group was determined by multiplying the estimated gizzard shad biomass on each date by the average proportion of biomass in each age-group, and dividing by the mean wet mass of individuals in each agegroup (Fig. 1) . As a check on the validity of this approach, we generated survivorship curves for the various age-groups by dividing the number of fish in each age-group (for each month) by the initial number in that group (in April).
Estimation of nutrient release-seasonal estimates of the number of fish in each age-group were combined with results from the excretion measurements to predict the total release of N and P by the Acton Lake gizzard shad population (Fig.  1) . The multiple-regression model obtained from the sizerange excretion experiments was used to predict the excretion of an individual of mean biomass in each age-group on each date, using seasonal data on lake temperature. This prediction was multiplied by the estimated number of fish in each age-group to determine lakewide excretion by each agegroup (Fig. 1) . Excretion by the entire population was obtained by summing the excretion by all age-groups and dividing it by the volume of the lake (9.5 X lo6 m-7-Canfield Table 1 . Parameters derived for regressions of log PM NH,-N fish-' h-l, log PM SRP fish-I h-l, and molar N : P against log wet mass (g) and temperature ("C) for Acton Lake (Ohio) gizzard shad during the size-range excretion experiments. For NH,-N, SRP, and N: P regressions, r2 values were equal to 0.91, 0.89, and 0.28, respectively, with y1 = 76 for all regressions. 
Results
Measurement of excretion rates-Individual excretion of NH,-N was correlated positively with fish wet mass and temperature. Mass-specific excretion decreased with increased fish mass as indicated by a slope < 1 (Table 3 ) . When each experiment was examined individually (i.e. factor of temperature removed), slopes of the log-log regressions ranged from 0.71 to 0.89, and r* values ranged from 0.86 to 0.96 (Fig. 2) . Excretion of SRP also was positively correlated with fish mass and temperature, with a decline in mass-specific SRP excretion with increasing fish size, indicated by a slope < 1 (Table 1) . Slopes of the log-log regressions of SRP excretion against wet mass for each experiment showed less variability than those for NH,-N (range 0.816-0.885; r* = 0.86-0.92), as well as intercept values that increased with increasing water temperature (Fig. 2) . The mean molar N : P ratio (*SE) excreted by these 76 gizzard shad was 16.95 (kO.89 SE, range 3.10-38.8). The N: P ratio showed weak (r* = 0.28) but significant negative correlations with both temperature and fish wet mass (Table l) , contrary to our hypothesis that N : P excretion ratio would increase with fish mass. daily cycle (P <: 0.009 and 0.046, respectively) but did not follow the predicted pattern as rates for the midday sample were much lower than expected (Fig. 3) . N : P ratios did not vary significantly in either experiment (Fig. 3) . During both experiments, mean excretion rates (per hour) for both NH,-N and SRP over a 24-h period were about 82% of the maximal per hour rates, and in the first experiment this corresponded to 82% of the midday rates. This enabled us to approximate excretion over a daily cycle from one midday measurement (e.g. from size-range experiment). Although this correction was not completely supported by the second diel-variation experiment (average N and P excretion rates were still about 32% of the maximal rates, but the maximum was not observed at midday), it did provide a more conservative estimate of daily excretion rates, rather than assuming that midday excretion rates were valid throughout a 24-h period.
In the diel-variation experiment of 27-28 April 1994, both Population biomass and age structure determination-NH,-N and SRP excretion varied significantly over a daily Mean gizzard shad biomass for the eight rotenone quadrats cycle (P < 0.020 and 0.009, respectively). This followed the in July I 994 was 303 kg ha-l (264.4 kg ha -I SE), with a predicted pattern of highest excretion during midday through median biomass of 243 kg ha -I. Despite one quadrat with early evening and lowest excretion during late night through extremely high biomass (707 kg ha -I), the SE was only early morning hours (Fig. 3) . NH,-N and SRP excretion rates 21.3% of the mean. Biomass in all areas of the lake, and in the 30 June-l July experiment varied significantly over a especially upstream nearshore areas, was dominated by age (Table 2 ). Offshore areas, especially those upstream, had a higher relative biomass and greater dominance of younger age-groups than did the nearshore upstream areas where the rotenone quadrats were located (Table 2). Nearshore areas downstream (i.e. in deeper sections of the lake) had a slightly higher biomass than nearshore upstream quadrats but had a much greater proportion of larger age-groups of gizzard shad than in any other area of the lake (Table 2) . Extrapolation lakewide yielded a gizzard shad biomass of 417 kg ha -I (Table 2) . Electrofishing was clearly biased toward oversampling larger fish and underestimating the abundance of smaller fish. Regression of electrofishing CF from each 25-mm size group against gizzard shad SL generated the equation CF = 70.5 X 10-O.ols(sL) (r* = 0.90). This equation was used to correct the range of sizes collected for electrofishing bias. We averaged the gizzard shad age biomass distribution before and after late June-early July and obtained the following average age distributionsApril-June: age 1, 6.3%; age 2, 71.9%; age 3, 19.6%; age 4 and older, 2.2%; July-October: age 0, 11.7%; age 1, 6.3%; age 2, 65.5%; age 3, 14.2%; age 4 and older, 2.3%. Seasonal biomass based on our extrapolated estimate of biomass and historic data (Mundahl 1991) ranged from 348-423 kg ha-l with higher biomass in summer and early fall.
Seasonal estimates of survivorship, generated from the seasonal simulations of biomass and data on age distributions, were generally reasonable (Fig. 4) . Mortality was greater for younger age-groups (age 0 and age 1) than for older age-groups. Both age 2 and age 4 and older fish showed a few instances in which the estimated number of fish actually increased slightly over time, but the numbers of fish in these age-groups generally remained stable. These minor discrepancies may arise because observed ages overlapped somewhat, and therefore the age categories represented the most likely age of a fish of a given length. However, increases in numbers of fish were minor for both of these age-groups (< 10% over the initial for age 2). Thus, our method provided a reasonable approximation of the proportion of biomass in each age-group. Fig. 4 . Simulated percent survival of each of the age-groups of gizzard shad in Acton Lake used to assess the validity of seasonal estimates of the number of fish in each age-group. Age 0 gizzard shad are included only after they become detritivorous (July and following).
Estimation of nutrient release--We estimated excretion by gizzard shad on a lakewide scale for July using our three estimates of gizzard shad biomass. Estimates of NH,-N loading based on the extrapolated, mean, and median estimates of gizzard shad biomass were 0.77, 0.56, and 0.45 p,mol NH,-N liter-' d-l, respectively (Fig. 5) ; estimates of SRP loading for July were 0.057, 0.042, and 0.033 Fmol SRP liter-' d-l, respectively (Fig. 5) . Seasonal predictions of NH,-N and SRP loading based on the extrapolated lakewide biomass and historic seasonal biomass data (Mundahl 1991) were higher in midsummer (Fig. 5) , when biomass and temperature were both high. Excretion of NH,-N and SRP by the gizzard shad population ranged from 0.487 to 0.769 pmol NH,-N liter-' d-l, and 0.022 to 0.057 kmol SRP liter-l d-l (Fig. 5) . Average molar N : P excretion ratios ranged from 13.46 to 22.06; decreased N : P excretion ratios were observed in summer (Fig. 5) .
Discussion
Impact of gizzard shad on nutrient dynamics-The importance of nutrient release by gizzard shad can be assessed best by analyzing it in the context of other nutrient sources in reservoir ecosystems. Although the data needed to explicitly compare all sources are lacking, it is possible to estimate inputs via two sources usually assumed to be important for eutrophic lakes and compare these sources to nutrients released by gizzard shad. Data on soluble nutrient inputs from three inflow streams that drain -85% of the Acton Lake watershed have been collected regularly since May 1994 (Vanni et al. in prep.) . From 1 May through 31 October 1994, SRP inputs from these streams averaged 0.006 pmol liter-l d-l. Therefore, P release by gizzard shad exceeded inputs from the relatively large and highly agricultural Acton Lake watershed during this time (Fig. 5) . However, 1994 was a relatively dry year; monthly precipitation at a meteorological station in Oxford, Ohio (8 km S of the lake), was below the long-term average for all months during this period. Thus, in wetter years inputs of SRP from the watershed may exceed that transported by gizzard shad. Inputs of dissolved inorganic N (NH,-N + NO,-N) from these streams averaged 1.89 kmol liter-' d-l from May through October 1994, which exceeded transport of NH,-N by gizzard shad by a factor of three (Fig. 5) . Release of P from anoxic hy.aolimnetic sediments, another potentially important source of R can be roughly estimated with knowledge of sediment P content. To do so, we used the equation developed by Ntirnberg (1988) for 63 lakes worldwide: log RR = 0.80 + 0.76 log STP where RR is SRP release rate (mg SRP m-2 d-l) and STP is sediment total P content (mg P g dry mass-'). Using an STP of 1.3 (Vanni et al. in prep.) , SRP release from anoxic lake sediments is estimated at 7.70 mg SRP (mW2 anoxic sediment) d-l during thermal stratification (-mid-1LIay-early October). Accounting for the proportion of the lake area underlain by anoxic sediments (-50%) and converting to appropriate units yields a lakewide P release ::ate of 0.03 1 pmol P liter-l d-l. This rate is comparable to I? transport by gizzard shad (Fig. 5) , which averaged 0.044 kmol P liter I d-I over the same period.
However, it is likely that only a small fraction of the P released from anoxic sediments to the hypolimnion is entrained into the eplimnion, where gizzard shad excrete P and where nearly all phytoplankton primary production occurs. Therefore, in terms of supporting primary production, nutrient transport by gizzard shad seems to be quantitatively important compared to other sources usually considered important.
By providing a steady and constant source of N and P at a relatively low N : P ratio, gizzard shad may regulate phytoplankton growth and reduce nutrient limitation. A steady, continual supply of nutrients may serve to maintain high phytoplankton productivity during periods when external nutrient loading is reduced (Kitchell et al. 1975; Vanni 1996) . This may be especially important in reservoirs that undergo large fluctuations in watershed nutrient inputs. In addition, the low N: P ratio that gizzard shad supply may shift phytoplankton community structure in favor of cyanobacteria, which dominate the summer phytoplankton assemblage in Acton Lake (Vanni et al. unpubl. data) . Thus, nutrients transported from the benthos by gizzard shad may influence ecosystem productivity and water quality by stabilizing primary productivity at relatively high levels and altering phytoplankton community structure in favor of taxa implicated in various water quality problems.
Factors influencing nutrient release by gizzard shad-The transport of nutrients from benthic to limnetic habitats by gizzard shad can be influenced by several factors, such as feeding habits (especially the degree of detritivory), biomass, size structure, and excretion rates. All of these can potentially vary between systems and over time. As facultative detritivores, the degree to which gizzard shad transport nutrients from the sediments to the open water (vs. recycling nutrients within the pelagic areas) strongly depends on their feeding habits. When gizzard shad are highly detritivorous, they likely provide a greater source of nutrients than when they are more planktivorous. Based on the documented feeding habits of gizzard shad in Acton Lake (Pierce et al. 1981; Mundahl and Wissing 1987, 1988) and other systems (Mundahl 1988; Buynak and Mitchell 1993; Yako et al. 1996) , we assumed that gizzard shad (>35 mm SL) in the lake are completely detritivorous. However, caution should be used when applying the results of this study to other systems, especially those with abundant zooplankton.
Difficulties in determining the biomass of a fish population present a major obstacle to the determination of the role of species in lake nutrient dynamics. These difficulties are increased greatly for fish such as gizzard shad, which are distributed patchily throughout a lake or reservoir (Johnson et al. 1988; Vondracek and Deegan 1995; Van Den Avyle et al. 1995) . Another obstacle is the assumption that is made when the biomass within an area that is sampled (e.g. a cove rotenone sample) is extrapolated throughout the rest of the Jake without data to judge the extrapolation (Johnson et al. 1988) . Quantification of variation among the sites where fish sampling is conducted and at other sites throughout the lake can aid in the extension of biomass data to the entire system.
The high biomass of gizzard shad observed is one of the main reasons why gizzard shad play such a major role in the nutrient dynamics of this system. Because omnivores and detritivores tend to dominate the fish biomass of midwestern and southern reservoirs (Miranda 1983; Stein et al. 1995) , the potential for nutrient-mediated effects of detritivores in these systems is great. In Acton Lake, the phosphorus contained in gizzard shad was equivalent to -1.7 pmol P liter -I in 1994 [assuming that gizzard shad average 2.5% of dry mass as P (Davis and Boyd 1978; Schaus unpubl. data) and have a 20% dry mass : wet mass ratio], whereas the total water column P averaged -3 pm01 P liter-l (Vanni et al. unpubl. data) . The sizable quantity of P contained in gizzard shad relative to other pools of P is another indication that gizzard shad may greatly influence lake nutrient dynamics. Although the biomass of gizzard shad observed in this study was high, it was still intermediate to the estimates obtained for this species in other reservoirs and ponds (Miranda 1983; Hill 1983; Heidinger 1983) . Thus, the release of nutrients by gizzard shad may be even greater in other systems.
The size structure of a population may affect the amount of nutrients supplied to phytoplankton because smaller gizzard shad excrete more N and P per unit body mass than do larger gizzard shad. Because some populations tend to be dominated by smaller size-classes, whereas others are dominated by larger size-classes, the role of gizzard shad nutrient cycling may vary among lakes. For example, a population dominated by smaller gizzard shad would transport more N and P (at a slightly higher N : P ratio) than one with similar biomass that was dominated by fewer large individuals. Thus, any application of this study to other systems must take into consideration the population size structure (and potentially interrelated ontogenetic differences in diet) to determine more accurately the magnitude of nutrient release by the fish population.
Direct excretion measurements and their subsequent conversion to population-scale measures provide a means to assess the role of gizzard shad in the nutrient dynamics of Acton Lake. One possible source of error is that stress associated with fish collection may increase excretion rates. However, Mather et al. (1995) found that patterns of nutrient release were similar between field-caught gizzard shad and laboratory-reared bluegill (Lepomis macrochirus). Nutrient excretion was highest immediately after feeding and rapidly declined (especially P) whether fish were collected from Acton Lake by electrofishing or received no handling at all in the laboratory. Mather et al. (1995) also found no evidence that electrofishing alters excretion rates or N : P ratios. Thus, our results seem to be a reasonable means of assessing the contribution of gizzard shad to lake nutrient cycles. Because excretion was directly measured in the field, this technique approximated actual excretion better than simulating field conditions in the laboratory and measuring excretion there.
The positive correlations of NH,-N and SRP with temperature and decreasing mass-specific excretion with increasing mass are consistent with metabolic expectations and the observations of other investigators (Scholander et al. 1953; Schmidt-Nielsen 1975; Lamarra 1975 , and others). The weak negative correlation of N : P of excretion and fish size was contrary to our hypothesis. The reasons for this are unclear; however, the N : P ratio of excretion by gizzard shad is evidently not greatly influenced by body N: P as is the case Table 3 . Comparison of the excretion rates and nutrient loading rates obtained in this study with the literature on a variety of fish species and experimental approaches (excluding treatments in studies with unfed fish). All excretion rates arc given relative to fish wet mass except those indicated by an asterisk, which are relative to fish dry mass. Mather et al. 1995 Mather et al. 1995 Mather et al. 1995 Kraft 1992 Meyer and Schultz 1985 This study Vanni 1996 Mather et al. 1995 Mather et al. 1995 Mather et al. 1995 Lamarra 1975 Nakashima and Leggett 1980 Kraft 1992 Brabrand et al. 1990 Kraft 1993 Meyer and Schultz 1985 Schindler et al. 1993 Schindler et al. 1993 Schindler et al. 1993 Table 4. Comparison of the N : P excretion ratios and nutrient loading ratios obtained in this study with the literature on a variety of fish species and experimental approaches (excluding treatments in studies with unfed fish). (N : P of nutrient loading for gizzard shad was 13. Mather et al. 1995 Mather et al. 1995 Mather et al. 1995 Kraft 1992 Brabrand et al. 1990 Meyer and Schultz 1985 for zooplankton (El&r et al. 1988; Sterner 1990) . In fish, the N : P of excretion across fish sizes may be more greatly influenced by metabolic rate (because NH,-N is a by-product of metabolism) and the potential for nutrient content of foods to vary with size. During the first diel-variation experiments, excretion rates followed the expected pattern over a daily cycle (Pierce et al. 1981; Mather et al. 1995) with highest excretion during daylight hours. However, during the second diel-variation experiment, excretion during the afternoon was much lower than anticipated. This may have been due to individual variability in feeding and excretion, because even in Pierce et al. (1981) where diel feeding cycles were clearly evident, fish deviated from the general pattern on several dates.
Comparison to other estimates of nutrient excretion-The NH,-N and SRP release rates for Acton Lake gizzard shad are substantial compared to the nutrient release rates for fish populations or communities reported by other investigators (Table 3) . However, few other estimates exist that quantify the release of nutrients by fish on an areal or volumetric, lakewide scale (Table 3) , limiting comparisons at this scale. Excretion rates for field-caught Acton Lake gizzard shad were similar to those estimated using a bioenergetics/massbalance model for gizzard shad (Mather et al. 1995; Vanni 1996; Vanni et al. in prep.) . Mass-specific NH,-N and SRP excretion rates and the N : P ratios obtained in this study corresponded well with those directly measured by Mather et al. (1995) for Acton Lake gizzard shad (Tables 3, 4 ). In addition, mass-specific excretion rates obtained in this study generally fell within the range of values reported in other studies based either on direct measurements or bioenergetics models (Table 3) for a variety of species, with somewhat greater P release rates. The N : P ratios observed for gizzard shad (this study; Mather et al. 1995; Vanni 1996) are generally lower than those reported for other species (Fig. 4) , corresponding to higher P release rates and similar N release rates. The low N : P ratio released indicates the potential for this species to shift phytoplankton community structure toward one dominated by blue-greens.
Generality of fmdings and future directions-Nutrient transport via excretion by detritivorous or benthivorous fish may be an important flux of nutrients in other systems where these fish are relatively abundant. Obligate, facultative, or incidental detritivory is common in many aquatic systems (Darnell 1964) and is often essential for growth or maintenance of omnivores (Mundahl and Wissing 1987, 1988; Ahlgren 1990a,b) . Thus, the applicability of this mechanism should not be viewed as only restricted to gizzard shad in reservoirs, because systems such as estuaries (Odum 1970; Lewis and Peters 1984; Deegan et al. 1990 ), tropical aquatic systems (Lowe-McConnell 1975; Bowen 1981 Bowen , 1983 Flecker 1992) , streams (Cummins 1974; Wallace et al. 1982; Flecker 1992) , and other systems may have abundant assemblages of detritivorous fishes or detritivorous benthic invertebrates.
Despite the importance of internal nutrient loading by gizzard shad (this study), nutrient transport by other fish species (Lamarra 1975; Bray et al. 1981; Meyer and Schultz 1985; Kline et al. 1990; Bilby et al. 1996) , and nutrient recycling by planktivorous fish Kraft 1992 Kraft , 1993 Schindler et al. 1993; Vanni et al. 1997) , many lake nutrient budgets have either downplayed or ignored the role of fish (Caraco et al. 1988 (Caraco et al. , 1992 Hama et al. 1990; James and Barko 1993) . Although fish may not always regulate major nutrient fluxes in lakes, inclusion of their roles may help to balance nutrient budgets and depict more accurately the cycling of materials within these systems. Inclusion of fish is especially warranted in systems with a high fish biomass or in systems where detritivorous or benthic-feeding fish are abundant.
Although it has been widely held that lake productivity can impact the production of fisheries, it has only been observed recently that fish populations can have a major role in regulating lake productivity (Lamarra 1975; Carpenter et al. 1987; Vanni et al. 1990; Schindler et al. 1993; Vanni and Layne 1997) . In addition, factors such as population biomass and size structure, which have long been considered mainly by fisheries biologists, may alter the impact that fish populations and communities have on nutrient dynamics and ecosystem productivity (Vanni 1996) . Clearly, approaches that integrate fisheries biology and ecosystem ecology will foster insight into the processes underlying the structure and function of aquatic ecosystems.
